• Since ordinary electrograms do not reveal electrical activity of the sinus node satisfactorily, it is only with techniques employing microelectrodes that such activity may be faithfully disclosed. A number of workers, using this method, have studied the genesis of spontaneous activity in the sinus node, but only a few reports relating to the propagation of excitation from the node have appeared. Thus, Hoffman and Cranefield 1 and Paes de Carvalho-have described propagation from the sinus node to the atrioventricular node, but these reports include little information about passage of excitation from the sinus node to surrounding atrial muscle. One group of investigators including Horibe 8 and Miyauchi 4 has studied this problem in detail. Nevertheless, many important features of excitation in this region are not well known and this study was done to provide additional information on this problem.
Methods
The rabbit heart was isolated and placed in oxygenated Tyrode solution kept at 35°C in a glass container. Flat, thin, muscle strips of various sizes, including the sinus node, were excised from the heart and mounted in a muscle chamber. This was filled with about 40 to 50 ml of Tyrode solution, kept at 35°C. Oxygen was constantly supplied to the Tyrode solution and muscle by means of a bubbling device in the chamber.
In most of the experiments, two rigidly mounted microelectrodes were employed simultaneously. One microelectrode was used to search for the sinus node and other particular points in its vicinity. The other microelectrode was used for time reference and was inserted into a convenient point, usually in the atrium near the sinus node. Attempts were made to keep this electrode at the same point throughout the experiment. To estimate the arrival time of the excitation wave at each point, the steepest rise of the action From the Institute for Cardiovascular Diseases, Tokyo Medical and Dental University, Tokyo, Japan.
Accepted for publication October 20, 1964.
potential of this point was used and the same criterion was employed for the reference action potential. About 50 points were explored in the sinus node and its vicinity at intervals of 0.25 to 1 mm and a map of excitation propagation was made for each experiment. Our methods of using glass capillary microelectrodes, and the recording system employed, have been reported elsewhere. 5 Rhythm was either spontaneous, driven by sinus node impulses or was induced by electrical driving stimuli. Stimulating electrodes, insulated except for the tips, were placed close together at suitable sites in the atrium. Stimulation was produced by rectangular pulses of 1 to 3 msec duration, triggered at a rate of 2.5 to 3/sec.
Results

PROPAGATION OF EXCITATION FROM THE SINUS NODE
Membrane action potentials which are known to be characteristic for the sinus node 1 were obtained in the basal wall of the superior vena cava, most frequently 1 mm away from the crista terminalis of the right atrium. But the site of the pacemaker was found at points varying from very close to the crista terminalis to about 2 mm away from the crista. The characteristic features included a small action potential with a slow upstroke, small or no membrane reversal, and small resting potential with a very prominent slow diastolic depolarization, as shown in figure 1. Some slow diastolic depolarization was also found very extensively in this vicinity, i.e., in an area of about 6x4 mm in the caval region. Shift of the pacemaker occurred frequently and evidence for this and related findings will be reported elsewhere.
The crista terminalis, which lies just beneath the sinus node in the basal wall of the superior vena cava, runs to the orifice of the inferior vena cava and surrounds it (the lower branch in fig. 3 below) . It also extends in the opposite direction, surrounding the orifice of the superior vena cava, going through the atrial septum, and finally reaching the atrioventricular node (the upper branch in fig. 3 below). The whole structure forms a ringlike crest surrounding the orifices of both the superior and the inferior venae cavae.
The mode of excitation propagation was studied in three groups of preparations. In the first group the muscle strip included the sinus node, the crista terminalis, and an immediately adjacent area of 1.5 x 1.5 cm. As is shown in figure 1 , the propagation of excitation from the spontaneously beating sinus node was essentially radial. At least there did not seem to be any bridge-lilce structure between the sinus node and the crista terminalis beneath it. In order to examine this further, a small cut about 5 mm long was made at various sites between the sinus node and the crista terminalis parallel to the latter. During spontaneous activity of the sinus node, special attention was paid to the arrival time of excitation at points near both ends of the cut and closer to the crista terminalis. No significant difference in the arrival time oc- curred before and after cutting. This supported the view that there were no special conduction pathways between the sinus node and the crista terminalis.
The spread of excitation in our second group of experiments. A is the excitation spread in the spontaneously beating sinus node. B is that when the right atrium was stimulated. C is that
This does not mean, however, that conduction velocity was equal in all directions. The front of the excitation wave was, for most part, oval with its long axis parallel to the crista terminalis. This was probably related to the finding that once the excitation wave entered the crista terminalis, it traveled rapidly along this structure. Furthermore, there seemed to be an area which showed faster conduction in the basal wall of the superior vena cava ( fig. 1 ). Because of this zone of faster conduction the excitation wave frequently proceeded more rapidly in an oblique direction and entered the crista terminalis at a point slightly away from the point which represents the shortest pathway to the crista. Sometimes the pacemaker lay primarily in the zone of faster conduction. Then the excitation wave front was simply oval.
The significance of this zone of more rapid conduction became more evident when a larger muscle strip was examined. Thus, in the second group of experiments, the muscle strip included more of the basal wall of the superior vena cava and especially the area behind the sinus node up to the septal part of the ring-like structure ( fig. 2 ). It was found that the radial spread from the sinus node was soon blocked behind the node and that the node was functionally enclosed from behind and on its lateral sides (from the superior and right side in fig. 2A ) by tissue in which excitation propagated very slowly, namely, with a conduction velocity of 2 to 4 cm/sec. As in the first group of preparations, the excitation wave proceeded obliquely to the crista terminalis. A part of the excitation wave turned back near the crista terminalis to reach the septal side. It did not proceed directly behind, probably because the zone of faster conduction was on the left side of the sinus node in this figure, and because the zone of slow conduction behind the sinus node protruded to some extent to the left.
Electrical stimulation from the right atrium is advantageous in the study of propagation. Thus, as shown in figure 2B , the front of the excitation wave becomes uniform and parallel to the crista terminalis, probably because conduction through the crista terminalis is rapid. Such stimulation helps to detect unevenness of conduction. On the left side of the figure, the wave front advances gradually, showing that a zone of faster conduction exists here. This delineated its location more accurately than in figure 2A where its presence was only suspected in this area. The region of the sinus node was excited last, as if it were an isolated island. When the septal region was stimulated electrically, these relations were revealed again ( fig. 2C) . Here, the excitation wave went through the zone of faster conduction and reached the crista terminalis, not penetrating the region of the sinus node. From the crista the excitation 'Numbers show the conduction time from the sinus node or its vicinity to the atrioventricular node. "Upper branch" and 'lower branch" refer to the two branches of the ring-like structure shown in figure 3 . See text.
wave turned back to reach the sinus node. This technique not only shows that a barrier preventing early excitation of the sinus node exists but also shows the location of this obstacle more clearly. It should be pointed out that conduction from the crista terminalis to the sinus node, in the group of experiments shown in figure 2B , is much slower than that of the opposite direction, namely, from the sinus node to the crista terminalis, when there is spontaneous activity of the sinus node ( fig.  2A ). This will be described in more detail later.
In the third group of experiments the muscle strip was largest and included the whole ring-like structure enclosing the caval region. This included both the sinus node and the atrioventricular node. As was described earlier, once excitation entered the crista terminalis, it traveled along this structure much more rapidly than through the enclosed caval region. From the point of entry in the crista terminalis the excitation wave traveled in two opposite directions. In the experiment shown in figure 3 , the excitation wave traveling down through the crista terminalis, i.e., the lower branch in the figure, seemed to arrive at the atrioventricular node slightly earlier than that passing along the other route, i.e., Circ*l*iio* Rnemrch, Vol. XVI, Mu 196) the upper branch. The difference in arrival time was, however, quite small. In order to decide which was the preferential route, one microelectrode was inserted around the sinus node and another into the atrioventricular node and the delay of arrival of sinus impulse was examined by cutting either the upper branch or the lower branch. The results of this series of experiments are shown in table 1. When the upper branch was cut first, no delay was observed. But when the lower branch was cut first, a slight delay was always observed except in experiment no. 62, in which no delay was observed. Probably the sinus impulses traveling through the lower branch reach the atrioventricular node earlier in most instances.
When both branches of the ring-like structure were cut, a delay of about 80 msec was found. Under these conditions conduction progressed through the area inside the ringlike structure, which was described above as the zone of faster conduction. Usually conduction through this route is latent because, before the excitation wave from the sinus node reaches the septal side by this route, rapid conduction through the ring-like structure has occurred already.
CONDUCTION VELOCITY OF EACH PART AND SPECIAL CHARACTER OF CONDUCTION IN THE VICINITY OF THE SINUS NODE
After making maps of excitation propagation, as was described above, the conduction velocity could be calculated more precisely. Conduction velocity in the caval region, in contrast to that in the atrium, showed marked differences, depending on the part, as is shown in figure 4 . Roughly speaking, the conduction velocity of the slow part, i.e., that of the sinus node and its vicinity, was 2 to 6 cm/sec; whereas that of the zone of faster conduction in the caval region was 30 to 40 cm/sec; and that of the atrium was 70 cm/sec.
When the conduction velocity was examined in the caval region, a strange phenomenon was noticed in the sinus node and its vicinity. Here the conduction velocity of the excitation wave from the spontaneously beating sinus node (open circles in fig. 4 ) and that from the atrium driven electrically (solid circles) showed a marked difference, while the The conduction velocity of the region around the sinus node and the conduction velocity of the atrium. the same direction. The action potentials were recorded, first, while the sinus node was beating spontaneously and, next, while the atrium was being stimulated electrically, immediately thereafter and without moving the microelectrode. After finishing both procedures the same studies were repeated at the next point. It was found also that the action potential during spontaneous excitation rose more steeply than did the action potential elicited by electrical stimulation at each point of the regions shown in figure 5 . In order to determine the conduction veloci-A 50m 1 ty through the crista terminalis more accurately, two microelectrodes were inserted in the direction of its muscle fibers, one very close to the stimulating electrodes, which were also placed in the crista terminalis, and the other apart from it. The conduction velocity was found to be about 80 cm/sec. No difference in the conduction velocity between the inside tract and the outside tract of the crista terminalis could be found.
Discuision
The reasons for differences of conduction B 100 msec
FIGURE 5
The velocity in the caval region, depending upon the conditions, are not clear. It can be presumed that the longer the excitation wave travels in this region, the slower it becomes, because the rate of rise of the action potential decreases more and more. When the atrium was stimulated electrically, the rate of rise of the action potential produced by this excitation wave became smaller when it reached the sinus node after crossing some distance in the caval region, compared with the rate of rise observed when the excitation wave had just started from the spontaneously beating sinus node. This and other abovementioned special properties of the tissue surrounding the sinus node may have significance in maintaining coordinated action of the heart. This possibility is being studied in our laboratory.
There have been many 1 " 3 ' °~1 0 reports on the propagation of excitation in the crista terminalis, the atrium and to the atrioventricular node, and there have been many controversies concerning the existence of a special conduction system in the atrium. Recently James 11 made an extensive anatomical and histological study of the connecting pathways between the sinus node and the atrioventricular node in the human heart. He mentioned the posterior, anterior, and middle internodal tracts as such connecting pathways. We re-examined this problem from a functional point of view, since no functional studies seem to have appeared as yet which refer to them with the exception of James' own reference to the classic experimental studies by Eyster and Meek. 0 The cuts by these authors were not intentionally related to specific internodal tracts. But, according to James, the cut which they found to be most effective in interrupting internodal conduction would, in effect, disrupt all the middle internodal fibers, most of the anterior internodal fibers, and a variable number of the posterior internodal fibers. Conversely, the only one of four cuts which they found to be completely ineffective would disrupt none of the internodal tracts.
It seems likely that the crista terminalis corresponds roughly to the posterior internodal Circulation Raetrcb, Vol. XVI, AUy 196} tract and that its extension on the other side corresponds to the anterior internodal tract of the human heart. Our study showed that they provide functionally for more rapid conduction between the two nodes. If this analogy with human hearts is correct, it was through the pathway which corresponds to the posterior intemodal tract of the human heart that the sinus impulses reached the atrioventricular node earliest in most of the rabbits. James regarded these tracts as a special conducting system, but the conduction velocity along the crista terminalis was only 80 cm/sec according to our measurements. It was not so rapid as along Purkinje fibers and was close to, or a little more than, the value of conduction velocity along ordinary cardiac muscle fibers. Even in James' description none of the three tracts was composed exclusively of fibers with Purkinje characteristics; nor were the Purkinje fibers continuous, but were interrupted by ordinary fibers in many sections. Therefore, it is doubtful, at least from the functional point of view, that these tracts should be called a special conduction system.
Whether or not the rabbit heart has a structure which corresponds to the middle internodal tract described by James is still obscure. As a matter of fact, there are only three possible pathways between the sinus node and the atrioventricular node: namely, outside the vena cava superior, outside the vena cava inferior, and between both venae cavae. The first two are the crista terminalis and its extension and can be regarded as tracts as mentioned above. Therefore, only the area between both venae cavae remains, if the rabbit heart does have the middle internodal tract. A part of this area, which we called the zone of faster conduction, may correspond to this tract. If so, we should say that the middle internodal tract is poorly developed in the rabbit heart and that it is a fairly wide and vaguely demarcated zone.
Summary
Microelectrodes were employed to determine the mode of propagation of excitation from the sinus node in the rabbit heart. The excitation starts from the sinus node radially, at first, but then proceeds to the crista terminalis, often obliquely. This is because some special tissue having a slow conduction velocity lies behind the sinus node, and also because there is a zone of relatively faster conduction at the basal wall of the superior vena cava. Once the excitation wave enters the crista terminalis, it travels rapidly in two opposite directions through two branches of the ring-like structure which is formed by the crista terminalis and its extension. The excitation wave traveling through the branch encircling the inferior vena cava reached the atrioventricular node earlier in most instances.
In the caval region inside the ring-like structure there is a zone of relatively faster conduction. The conduction to the atrioventricular node through this route is latent in the normal state, because conduction through the ring-like structure takes place beforehand.
In the caval region near the sinus node, the conduction velocity of the excitation wave from the spontaneously beating sinus node was greater than that from the electrically driven atrium. The spontaneous action potential showed also a steeper rise than that produced by electrical stimulation. The mechanism responsible for this is discussed.
